␣-Synuclein aggregates are a common feature of sporadic Parkinson's disease (PD), and mutations that increase ␣-synuclein abundance confer rare heritable forms of PD. Although these findings suggest that ␣-synuclein plays a central role in the pathogenesis of this disorder, little is known of the mechanism by which ␣-synuclein promotes neuron loss or the factors that regulate ␣-synuclein toxicity. To address these matters, we tested candidate modifiers of ␣-synuclein toxicity using a Drosophila model of PD. In the current work, we focused on phase II detoxification enzymes involved in glutathione metabolism. We find that the neuronal death accompanying ␣-synuclein expression in Drosophila is enhanced by loss-of-function mutations in genes that promote glutathione synthesis and glutathione conjugation. This neuronal loss can be overcome by genetic or pharmacological interventions that increase glutathione synthesis or glutathione conjugation activity. Moreover, these same pharmacological agents suppress neuron loss in Drosophila parkin mutants, a loss-of-function model of PD. Our results suggest that oxidative stress is a feature of ␣-synuclein toxicity and that induction of the phase II detoxification pathway represents a potential preventative therapy for PD.
Introduction
Parkinson's disease (PD) is a common neurodegenerative disorder characterized by the loss of dopamine (DA) neurons in the midbrain and the accumulation of neuronal inclusions known as Lewy bodies (Dawson and Dawson, 2003) . Although the involvement of Lewy bodies in the pathogenesis of PD is currently unclear, genetic studies of rare familial forms of PD have demonstrated that ␣-synuclein protein, a principle component of Lewy body inclusions (Spillantini et al., 1997) , is an active participant in the pathogenesis of this disorder (Polymeropoulos et al., 1997; Kruger et al., 1998; Zarranz et al., 2004) . The precise biological function of ␣-synuclein and the mechanism by which mutations in this gene confer neuron loss are currently unknown. However, the finding that ␣-synuclein toxicity directly correlates with its gene dosage in several familial forms of this disease (Singleton et al., 2003; Chartier-Harlin et al., 2004) indicates that excess ␣-synuclein protein can cause DA neuron loss (Cuervo et al., 2004) . Although mutations of the ␣-synuclein gene are a rare cause of PD, the presence of ␣-synuclein in the Lewy body inclusions that define both genetic and idiopathic forms of this disorder strongly suggests that this protein is a participant in most forms of PD.
In an effort to define the mechanism of ␣-synuclein toxicity, a number of animal models of ␣-synucleinopathy have been created through the expression of human ␣-synuclein protein (Feany and Bender, 2000; Masliah et al., 2000; van der Putten et al., 2000; Auluck et al., 2002; Giasson et al., 2002; Lee et al., 2002; Lakso et al., 2003; Outeiro and Lindquist, 2003) . Although these models have been useful in studies of candidate pathways of ␣-synuclein toxicity, a yeast model of ␣-synucleinopathy has also proven useful in the identification of novel genes and pathways that influence ␣-synuclein toxicity. In particular, two recent genetic screens in yeast have led to the identification of 34 extragenic suppressors (Cooper et al., 2006) and Ͼ100 extragenic enhancers of ␣-synuclein toxicity in this organism (Willingham et al., 2003; Cooper et al., 2006) . However, only a small number of these factors have thus far been examined in a neuronal context.
In the current study, we have used a fly model of ␣-synucleinopathy to examine a subset of the yeast ␣-synuclein enhancers that appear to be involved in the phase II detoxification pathway, specifically, glutathione metabolism. Our studies demonstrate that loss-of-function mutations affecting glutathione synthesis or glutathione conjugation pathways enhance DA neuron loss in flies overexpressing human ␣-synuclein. Moreover, overexpression of factors involved in glutathione biosynthesis and glutathione conjugation suppress ␣-synuclein toxicity. Finally, we find that feeding ␣-synuclein-expressing flies or Dro-sophila parkin mutants pharmacological inducers of the phase II detoxification pathway suppresses the neuronal loss of both of these models of PD. Our findings provide the foundation for a possible therapeutic strategy for PD.
Materials and Methods
Construction of the UAS-synuclein transgene. The ␣-synuclein coding sequence was amplified from a wild-type (WT) human ␣-synuclein cDNA using the following primer set: 5Ј primer, CAACTCGAGACAAAATG-GATGTATTCATGAAAGGAC; 3Ј primer, CAATCTAGATTAGGCT-TCAGGTTCGTAGTCTTG. These primers include nucleotide alterations preceding the normal start codon in the ␣-synuclein cDNA that are designed to improve translational efficiency in Drosophila. These 5Ј and 3Ј primer sets also include XhoI and XbaI restriction sites, respectively, to allow cloning of the cDNA into the Drosophila transformation vector pUAST (Brand and Perrimon, 1993) . The final transformation construct was sequenced to confirm the absence of PCR-introduced errors and used to generate germline transformant flies using standard procedures.
Generation of Drosophila strains. The TH-GAL4, UAS-Gclm, and UAS-GstS1 transgenic lines and the GstS1 M26 null allele have been previously described (Friggi-Grelin et al., 2003; Orr et al., 2005; Whitworth et al., 2005) All P-element lines used in this work, as well as the Gclm L0580 mutant, were obtained from the Bloomington Drosophila stock center. Previous work has demonstrated that the recessive lethal phenotype associated with the chromosome bearing the Gclm L0580 P-element insertion is conferred by an unrelated mutation residing on this chromosome. This recessive lethal mutation was removed by meiotic recombination to generate a homozygous viable Gclm L0580 strain for this study. The CG4365 ⌬ allele was generated using a standard P-element imprecise excision protocol to delete ϳ1 kb of the 5Ј coding sequence of the CG4365 gene. The UAS-Syn LP3 insertion situated on chromosome 3 was recombined with a TH-GAL4 insertion also situated on chromosome 3, to generate a recombinant chromosome 3 bearing both of these insertions. The TH-GAL4 insertion situated on chromosome 3 was mobilized to chromosome 2 using a standard P-element transposition procedure, and this insertion was recombined with the UAS-Syn LP2 insertion situated on chromosome 2 to generate a recombinant chromosome 2 bearing both of these insertions. All fly crosses were performed at 25°C on standard cornmeal/molasses food.
Western blot analysis. Protein extracts for Western blot analysis were prepared by homogenizing fly heads in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% NP-40) plus protease inhibitors. Lysates were then subjected to centrifugation for 10 min at 12,000 ϫ g to remove cellular debris, and the protein concentration of the lysates were determined using a commercial Bradford assay (Bio-Rad, Hercules, CA). Ten micrograms of total protein from each sample were subjected to SDS-PAGE electrophoresis. After electrophoresis, proteins were transferred to nitrocellulose membrane and were probed with antisera to human ␣-synuclein (LB509; 1:500 dilution, Millipore, Billerica, MA) and ␣-tubulin (1:1000, Sigma-Aldrich, St. Louis, MO).
Analysis of DA neurons and glutathione abundance. Analysis of DA neuron integrity was performed as previously described by Whitworth et al. (2005) . Briefly, aged flies were anesthetized and dissected to remove the entire brain. Brains were then fixed in 4% paraformaldehyde in 1ϫ phosphosaline buffer (10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , 0.14 M NaCl, 2.7 mM KCl, pH 7.4). After fixation, brain tissues were washed three times for 20 min each with wash buffer (PBS ϩ 0.1% Triton X-100), then incubated in blocking buffer (0.1 Tris-HCl, pH 7.5, 0.15 NaCl, 0.1% Triton X-100, and 10% FBS) for 1 h at room temperature. Tissues were then incubated with anti-tyrosine hydroxylase antibody (1:100, Millipore) overnight at 4°C. This was followed by incubation with Alexa anti-rabbit secondary antibody (1:1000, Invitrogen, Carlsbad, CA) for 2 h at room temperature. Brains were washed three times for 20 min each in wash buffer and mounted on coverslips with Prolong Antifade media (Invitrogen). DA neurons were visualized by confocal microscopy using a BioRad MRC600 or an Olympus (Tokyo, Japan) FV-1000 confocal microscope. The number of DA neurons in each cluster was determined by visual inspection of the individual confocal Z-series. All analyses were performed with the experimenter blinded to genotype. For each experiment, the number of brains analyzed was Ն16. Statistical significance was determined using ANOVA analysis.
Glutathione abundance in larval and cellular lysates was determined using a commercial glutathione detection kit (Millipore) according to the manufacturer's directions. All glutathione abundance measurements were performed at least three times. Two third instar larvae or 3 ϫ 10 6 cells were used for each glutathione abundance measurement, and statistical significance was determined using the Student's t test. Drug feeding assay. Drug feeding experiments were performed by diluting a 37.5 mg/ml stock solution of DL-sulforaphane (Sigma-Aldrich) in DMSO and an 8 mg/ml stock solution of allyl disulfide (Sigma-Aldrich) in water directly into melted fly food. The final concentrations of sulforaphane and allyl disulfide in fly food were 25 and 30 g/ml, respectively. ␣-Synuclein-expressing flies were collected after eclosion and placed on drug-treated food for 20 d. Second instar parkin mutant larvae were raised on drug-treated food until eclosion, and the adult flies were transferred to fresh drug-treated food for 20 d. To control for the possible influence of DMSO on the neuronal loss phenotype, control flies were placed on food containing an equivalent concentration of DMSO for the same period of time.
Results
Previous work has shown that expression of ␣-synuclein in the Drosophila brain induces the loss of tyrosine hydroxylase (TH)-positive neurons in the protocerebral posterior medial 1 (PPM1) and PPM2 clusters ( Fig. 1 B) in an age-dependent manner (Feany and Bender, 2000) . These studies involved the use of TH immunohistochemical staining of paraffin-imbedded thin sections to document the loss of DA neurons. However, more recent studies of these same transgenic lines using confocal microscopy failed to detect loss of TH-positive neurons in any of the major DA neuron clusters in Drosophila (Auluck et al., 2005; Pesah et al., 2005) . These conflicts appear to be explained by a reduction in TH expression in the PPM1 and PPM2 clusters of DA neurons in ␣-synuclein transgenic flies and improved sensitivity of the confocal methodology in detecting TH-positive neurons relative to light microscopy (Auluck et al., 2005) .
Because several familial mutations that cause heritable forms of parkinsonism result from increased gene dosage of ␣-synuclein (Singleton et al., 2003; Chartier-Harlin et al., 2004) , we reasoned that increased expression of ␣-synuclein in Drosophila might result in loss of TH-positive neurons that is detectable by confocal microscopy. To test this hypothesis, we generated an ␣-synuclein expression construct bearing sequence alterations designed to improve the translational efficiency of this cDNA in Drosophila (see Materials and Methods for details). This modified ␣-synuclein cDNA was placed downstream of a GAL4-responsive upstream activating sequence (UAS) element and introduced into the Drosophila germline. Several independent transgenic UAS-synuclein lines were obtained, and these lines were crossed to flies bearing the pan-neuronal elav-GAL4 driver to induce expression of ␣-synuclein protein in the brain. Analysis of the expression levels of our newly generated transgenic lines indicates that they direct the production of twofold to fivefold higher levels of ␣-synuclein protein than previously reported UAS-synuclein transgenic lines (Fig. 1 A) .
To maximize ␣-synuclein protein expression in the fly brain, all of our experiments made use of flies bearing two copies of the UAS-synuclein transgenes and two copies of the GAL4 drivers, which approximately doubles the abundance of ␣-synuclein protein relative to flies bearing a single copy of each of these transgenes (data not shown). Although these flies express more ␣-synuclein protein than previously described fly models of ␣-synucleinopathy, the abundance of ␣-synuclein in the brains of flies bearing two copies of the elav-GAL4 driver and two copies of our UAS-synuclein transgenes is similar to that of the normal human neostriatum (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material). We detected no loss of TH-positive neurons in 1-d-old flies bearing multiple copies of the ␣-synuclein transgenes and the GAL4 drivers relative to controls ( Fig. 1 F and data not shown). In contrast, 20-d-old flies bearing two copies of the UAS-synuclein transgene and two copies of the TH-GAL4 driver had a statistically significant reduction in the number of TH-positive neurons in the protocerebral posterior lateral 1 (PPL1) cluster relative to WT controls (Fig. 1 E, G) . A similar pattern of neuronal loss was obtained using two copies (Feany and Bender, 2000) .
UAS-Syn
LP3 and UAS-Syn LP2 are transgenic lines generated in the current study. Tubulin serves as a protein loading control. B, Schematic diagram showing some of the major DA neuron clusters in an adult fly brain. PAL, Protocerebral anterior lateral (anterior to PPL1 as indicated by arrow); VUM, ventral unpaired medial. C, Confocal image from a wild-type brain immunostained with anti-TH to mark DA neurons. The boxed area indicates the PPL1 cluster of DA neurons shown in higher magnification in D and E. D, E, A representative PPL1 neuron cluster from a 20-d-old control fly bearing two copies of the TH-GAL4 driver (D) and a representative PPL1 neuron cluster in a 20-d-old fly bearing two copies of the TH-GAL4 driver and two copies of the UAS-Syn transgene (E). F, G, The number of DA neurons in three major DA neuron clusters of adult control flies homozygous for the TH-GAL4 transgene and of adult flies homozygous for two copies of the TH-GAL4 and UAS-Syn transgenes at 1 d of age (F ) and at 20 d of age (G). ␣-Synuclein-expressing flies have significant DA neuron loss restricted to the PPL1 cluster at 20 d of age (**p Ͻ 0.005). H, The neuron loss resulting from ␣-synuclein expression is also detectable by comparing GFP fluorescence in flies bearing a UAS-GFP reporter in addition to two copies of the TH-GAL4 driver and in flies bearing a UAS-GFP transgene in addition to two copies of the UAS-Syn transgene and two copies of the TH-GAL4 driver. Introducing a copy of the Df(3L)H99 deletion, which removes several proapoptotic genes, suppresses neuron loss in flies bearing two copies of UAS-Syn and two copies of TH-GAL4 relative to flies lacking the Df(3L)H99 deletion. The Df(3L)H99 deficiency did not detectably influence neuronal integrity in a WT background.
of an independent UAS-synuclein transgene and two copies of an independent TH-GAL4 insertion (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material), indicating that the observed results are the direct result of ␣-synuclein expression, and are unrelated to the insertion loci associated with the transgenes used in these experiments. However, no neuronal loss was detected in flies bearing one or two copies of the ␣-synuclein and elav-GAL4 transgenes at 20 or more days of age, likely reflecting decreased efficiency of the elav-GAL4 driver relative to TH-GAL4 in TH-positive neurons (supplemental Figs. S1, S3, available at www.jneurosci.org as supplemental material).
The neuronal loss resulting from ␣-synuclein expression by the TH-GAL4 driver can also be detected with an independent monitoring system involving GFP expression using a UAS-GFP transgene (Fig. 1 H) , indicating that the observed loss of TH-positive neurons is not simply an artifact of poor antibody penetration or decreased TH abundance. Moreover, the ␣-synuclein induced loss of TH-positive neurons in the PPL1 cluster was suppressed by introducing a chromosome bearing a deletion of the proapoptotic factors Reaper, Grim, and Hid (Fig. 1 H) . Together, our findings indicate that abundant ␣-synuclein expression in Drosophila results in progressive DA neuron cell death.
To explore the mechanism of ␣-synuclein toxicity, we used our transgenic model of ␣-synucleinopathy to test candidate enhancers of ␣-synuclein toxicity that were identified in a yeast model of PD. Among the 86 ␣-synuclein enhancers identified in a previous study (Willingham et al., 2003) , we selected 10 Drosophila genes for analysis (supplemental Table S1 , available at www. jneurosci.org as supplemental material) using the following criteria: first, only genes with a single Drosophila ortholog and at least one human homolog were considered; second, only Drosophila genes with available corresponding mutations were considered for our initial analysis. Among these genes, we noted that three, GstS1, Eip55E, and CG4365, encode proteins that potentially influence glutathione metabolism. The GstS1 gene encodes a glutathione S-transferase, which catalyzes the ligation of reduced glutathione to a variety of substrates, including the toxic products of reactive oxygen species (Singh et al., 2001 ). The Eip55E gene encodes a putative cystathionine ␥-lyase involved in the biosynthesis of cysteine, which is rate limiting for the production of glutathione (Lu, 1998) . The uncharacterized gene, CG4365, encodes a putative hydroxyacylglutathione hydrolase activity that is involved in a glutathione salvage pathway. Given that the GstS1, Eip55E, and CG4365 genes may influence a single pathway, and that previous work implicates alterations in glutathione metabolism in the etiology of PD (Spina and Cohen, 1989; Sian et al., 1994; Bharath et al., 2002; Bharath and Andersen, 2005) , we chose to focus on these three genes in our current study.
Our previous work indicates that a null allele of the Drosophila GstS1 gene, GstS1 M26 , enhances the DA neuron loss and muscle degeneration phenotypes of Drosophila parkin mutants. Moreover, transgenic overexpression of GstS1 in Drosophila parkin mutants partially suppresses these phenotypes (Whitworth et al., 2005 ). Thus, we tested whether similar alterations in GstS1 gene dosage would influence the DA neuron loss phenotype of our Drosophila model of ␣-synucleinopathy. To explore the effects of decreased GstS1 activity on ␣-synuclein toxicity, we expressed ␣-synuclein in a GstS1 null background using the GstS1 M26 null allele. The GstS1 M26 mutation was found to enhance the DA neuron loss phenotype of ␣-synuclein-expressing flies relative to flies expressing ␣-synuclein alone (Fig. 2 A, E) . This increased neuronal loss appears to be a synergistic effect of GstS1 mutations on ␣-synuclein toxicity, because our previous work indicates that GstS1 M26 mutants do not exhibit detectable neuronal loss (Whitworth et al., 2005), and these findings were independently confirmed in the present study (Fig. 2 A) . To test whether overexpres- M26 homozygotes display no significant DA neuron loss relative to control flies. However, the DA neuron loss in the PPL1 cluster that is detected in 20-d-old flies bearing two copies of the UAS-Syn and TH-GAL4 transgenes is enhanced in 20-d-old flies that are also homozygous for the GstS1 M26 mutation (**p Ͻ 0.005). B, Overexpression of GstS1 using a UAS-GstS1 transgene completely suppressed the neuronal loss observed in 20-d-old flies bearing two copies of the UAS-Syn and TH-GAL4 transgenes (**p Ͻ 0.005). C-F, Representative images showing the PPL1 DA neurons in GstS1 M26 homozygotes (C), flies bearing two copies of the UAS-Syn and TH-GAL4 transgenes (D), GstS1 M26 homozygotes bearing two copies of the UAS-Syn and TH-GAL4 transgenes (E), and flies bearing two copies of the UAS-Syn and TH-GAL4 transgenes and one copy of the UAS-GstS1 transgene (F ). C-F are from the brains of flies aged 20 d. sion of GstS1 is able to suppress the DA neuron loss phenotype of ␣-synuclein-expressing flies, we generated adult flies bearing a UAS-GstS1 transgene, as well as two copies of the UAS-synuclein transgene and two copies of the TH-GAL4 driver. Analyses of these flies indicated that elevated GstS1 expression fully suppressed the neuronal loss observed in 20-d-old ␣-synucleinexpressing flies (Fig. 2 B, F ) . Together, these findings demonstrate that the abundance of GstS1 directly influences the toxicity of ␣-synuclein protein in DA neurons.
Although our findings indicate that GstS1 activity is rate limiting in determining ␣-synuclein toxicity, it is unclear from these findings whether alterations in glutathione abundance would also influence the toxicity of ␣-synuclein. To test this possibility, we explored the influence of mutations in the Eip55E and CG4365 genes, which encode enzymes that potentially influence glutathione abundance. A homozygous viable P-element allele of the Eip55E gene that reduces Eip55E transcript abundance by ϳ40% (data not shown) and an imprecise excision allele of CG4365 (see Materials and Methods), designated Eip55E KG02526 and CG4365 ⌬ , respectively, were used in all subsequent analyses.
Analysis of DA neuron integrity in Eip55E KG02526 homozygotes failed to reveal evidence of neuronal loss in 20-d-old flies, indicating that this mutation has no effect on DA neuron integrity in the absence of ␣-synuclein expression (Fig. 3A) . However, the loss of DA neurons caused by ␣-synuclein expression in 20-d-old adults is enhanced by the Eip55E KG02526 mutation (Fig. 3A) . To test whether the effect of Eip55E KG02526 on the toxicity of ␣-synuclein is explained by the influence of this mutation on glutathione abundance, we assayed glutathione abundance in Eip55E KG02526 homozygotes. This analysis revealed that glutathione abundance was decreased by approximately one-third in Eip55E KG02526 homozygotes relative to a WT control (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). In contrast, the CG4365 ⌬ allele was found to have no effect on ␣-synuclein toxicity or glutathione abundance (Fig. 3A  and data not shown) .
Our studies of the Eip55E gene suggest that decreased glutathione abundance enhances the toxicity of ␣-synuclein. However, because Eip55E presumably promotes the biosynthesis of cysteine, we cannot exclude the possibility that the enhanced toxicity of ␣-synuclein in Eip55E mutants results instead from decreased cysteine abundance. To provide a more rigorous test of the hypothesis that alterations in glutathione abundance influence the toxicity of ␣-synuclein, we sought a Drosophila mutant that would specifically affect glutathione biosynthesis. The ratelimiting enzyme in glutathione biosynthesis is glutamatecysteine lyase (Gcl) (Meister and Anderson, 1983) . Although there are no mutations in the Drosophila gene that encodes this enzyme, previous work has led to the identification of mutations in the Drosophila Gclm gene, which encodes a Gcl-modifying subunit (Gclm). In the current study, we used a homozygous viable, hypomorphic allele of Gclm, designated Gclm L0580 , which confers a 45% reduction in glutathione abundance (Fraser et al., 2003) . To assess the affects of altered glutathione abundance on ␣-synuclein toxicity, we crossed the Gclm L0580 mutation, as well as available transgenic lines that overexpress the Gclm protein to ␣-synuclein-expressing flies. As in the other experiments described in this study, these analyses were performed in flies that bear two copies of the UAS-synuclein and TH-GAL4 transgenes.
The decreased Gclm activity in Gclm L0580 homozygotes was found to significantly enhance the DA neuron loss induced by ␣-synuclein expression (Fig. 4 A) . In contrast, age-matched Gclm L0580 homozygotes in the absence of ␣-synuclein expression exhibit no loss in DA neuron integrity, indicating that the neuronal effects of decreased glutathione levels are only manifest in flies overexpressing ␣-synuclein. We also explored the effects of increased Gcl activity on ␣-synuclein toxicity by using a UAS-Gclm transgenic line previously reported to increase Gcl activity (Orr et al., 2005) . Results of these analyses indicate that Gclm overexpression in DA neurons completely rescued the neuronal loss induced by ␣-synuclein expression in 20-and 30-d-old flies (Fig.  4 B and data not shown) . Additionally, overexpression of the UAS-Gclm transgene using the elav-GAL4 driver elevated glutathione abundance approximately twofold relative to controls (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). Together, these findings indicate that the toxicity of ␣-synuclein inversely correlates with the abundance of glutathione.
Both the Gclm and GstS1 genes are members of the phase II detoxification pathway, which promotes the conjugation of glutathione to a variety of electrophilic substrates. Previous work indicates that several naturally occurring chemical agents, including sulforaphane and allyl disulfide, are capable of inducing the phase II detoxification pathway by activating Nrf2, a key transcription factor that globally regulates this pathway. Drosophila also encodes an Nrf2 homolog, although the effects of sulforaphane and allyl disulfide on the induction of the phase II detoxification pathway have not previously been examined in flies. To explore the neuroprotective potential of these pharmacological agents, we first tested whether sulforaphane or allyl disulfide are able to induce the phase II detoxification pathway in Drosophila. KG02526 homozygotes do not display detectable loss of DA neurons in the PPL1 cluster relative to flies bearing two copies of the TH-GAL4 driver. However, the DA neuron loss in the PPL1 cluster that is observed in 20-d-old flies bearing two copies of the UAS-Syn and TH-GAL4 transgenes is further reduced in flies homozygous for the Eip55E KG02526 mutation (**p Ͻ 0.005). However, the neuronal loss seen in CG4365 ⌬ homozygotes bearing two copies of the UAS-Syn and TH-GAL4 transgenes is indistinguishable from that of WT flies bearing two copies of the UAS-Syn and TH-GAL4 transgenes. B, C, Representative images of PPL1 neurons from 20-d-old Eip55E KG02526 homozygotes (B) and 20-d-old Eip55E KG02526 homozygotes bearing two copies of the UAS-Syn and TH-GAL4 transgenes (C).
We found that both of these chemical agents induced a significant increase in glutathione abundance in the Drosophila S2 cell line and in live animals, suggesting that the mechanism of action of sulforaphane and allyl disulfide is conserved in Drosophila (Fig. 5A-D) . We next tested whether feeding ␣-synuclein-expressing flies sulforaphane and allyl disulfide was capable of suppressing DA neuron loss. Because our previous work with Drosophila parkin mutants indicates that this model shares several features with our ␣-synuclein model, including a modifying influence of altered glutathione metabolism on the parkin phenotypes, we also tested whether these chemical agents were capable of suppressing the neuron loss of this model. Remarkably, sulforaphane and allyl disulfide robustly suppressed neuronal loss in both of our models of PD (Fig. 5 E, F ) . Our findings raise the possibility that these and perhaps other chemical inducers of the phase II detoxification pathway represent potential preventative agents for PD.
Discussion
In an effort to generate a more robust Drosophila model of ␣-synucleinopathy, we created novel ␣-synuclein transgenic lines designed to increase the expression of ␣-synuclein protein. These studies were prompted, in part, by recent genetic studies in humans showing that the toxicity of ␣-synuclein correlates directly with ␣-synuclein protein abundance (Eriksen et al., 2005) . Although we were unable to detect any DA neuron loss in flies bearing a single copy of our ␣-synuclein transgenes with any of the GAL4 drivers tested, flies bearing two copies of our ␣-synuclein transgenes and two copies of the TH-GAL4 driver exhibit a progressive reduction of TH-positive neurons. This neuron loss is readily detected using two different confocal microscopic reporter systems, can be suppressed by reduced gene dosage of proapoptotic factors, and is conferred by independent insertions of the TH-GAL4 driver and UAS-synuclein transgenes. Together these findings indicate that abundant expression of ␣-synuclein in Drosophila results in the death of a subpopulation of DA neurons through a cell-autonomous mechanism.
Surprisingly, the neuron loss in our model of ␣-synucleinopathy is restricted to the PPL1 cluster, in contrast to previous work, which has reported neuron loss, or reduced TH staining, primarily restricted to the PPM1 and PPM2 clusters (Whitworth et al., 2006) . However, because our studies did not discriminate between neurons that are weakly or strongly TH positive, we cannot exclude an effect of our transgenes on TH abundance in these or other DA neuron clusters. The variance in our studies also leaves open the possibility of a small degree of neurodegeneration in these clusters that is undetectable by our methodology.
The abundant ␣-synuclein expression required for detectable cell loss in our model raises the possibility that this cell loss is simply a nonspecific consequence of foreign protein overexpression. Although this possibility is a necessary caveat of at least most dominant gain-of-function models of disease, several arguments suggest that the neuron loss in our model results from a relatively specific toxic feature of ␣-synuclein. First, we do not detect obvious toxicity from ␣-synuclein expression in other parts of the fly brain (including most DA neuron clusters), or in nonneuronal tissues using a number of different GAL4 drivers (supplemental Figs. S1, S3 and data not shown). Second, flies coexpressing ␣-synuclein and GFP did not exhibit a more severe phenotype than flies expressing ␣-synuclein alone (Fig. 1) , suggesting that toxicity is not simply related to the total burden of foreign protein expression. Third, the PPL1 cluster of DA neurons that are sensitive to ␣-synuclein is the same neuronal cluster that is most sensitive to loss-of-function mutations in the Dro- sophila parkin gene (Whitworth et al., 2005) , suggesting that ␣-synuclein expression confers a toxic feature that is common to other genetic perturbations responsible for PD in humans. Fourth, our finding that alterations in glutathione and glutathione-S transferase abundance influence ␣-synuclein toxicity is consistent with previous literature implicating this pathway in the pathogenesis of PD (Spina and Cohen, 1989; Sian et al., 1994; Bharath and Andersen, 2005) , and is less readily explained by a nonspecific toxic effect of foreign protein accumulation.
The inverse relationship between ␣-synuclein toxicity and glutathione transferase activity/glutathione abundance suggests several potential models by which ␣-synuclein may induce loss of DA neurons. One model that is consistent with the known role of glutathione in protection from oxidative stress is that overexpression of ␣-synuclein induces oxidative stress. This model is supported by previous work on ␣-synuclein showing that expression of either wild-type or mutant ␣-synuclein protein increases intracellular reactive oxygen species levels (Junn and Mouradian, 2002) . Another plausible model is that oxidative damage of ␣-synuclein protein triggers its conversion to a toxic derivative. This potential model is supported by the finding that nitratively modified ␣-synuclein is widespread in PD brains (Giasson et al., 2000) and that exposure of ␣-synuclein-expressing cells to oxidative or nitrative agents induces the formation of ␣-synuclein inclusions (Norris et al., 2003) . Finally, it is also possible that ␣-synuclein overexpression somehow triggers the depletion of glutathione, or that alteration in glutathione metabolism influence the abundance of ␣-synuclein protein or the general health of DA neurons. Although the reduced glutathione content of Drosophila parkin mutants (Fig. 5 and data not shown) raises the possibility that glutathione depletion is the ultimate cause of neuron loss in parkin mutants, we detected no obvious change in the glutathione content of flies overexpressing ␣-synuclein relative to WT controls (data not shown), suggesting that this is an unlikely explanation for the toxicity of ␣-synuclein overexpression. Moreover, we were unable to detect an effect of altered GstS1 or Gcl activity on ␣-synuclein abundance (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material), and we detected no ill effects of reducing glutathione abundance or glutathione transferase activity in the absence of ␣-synuclein. Experiments are currently underway to distinguish potential models by which glutathione metabolism influences ␣-synuclein toxicity.
Our genetic findings demonstrating that induction of particular phase II detoxification pathway components are protective in fly models of PD were mimicked by chemical inducers of this pathway. Although further work will be required to define the specific phase II detoxification pathway component(s) most responsible for the neuroprotective effects of sulforaphane and allyl disulfide, our finding that these agents suppress neuron loss in two very different Drosophila models of PD, coupled with the fact that these phase II pathway inducers also work in a vertebrate context, suggests a promising treatment strategy for PD. 25 null allele (D) also exhibit increased glutathione abundance when exposed to 30 g/ml allyl disulfide or 25 g/ml DL-sulforaphane for 4 d (*p Ͻ 0.05). To control for the possible influence of DMSO on glutathione abundance, control larvae were raised on food containing an equivalent concentration of DMSO for the same period of time. E, Twenty-day-old flies bearing two copies of the UAS-Syn and TH-GAL4 transgenes that were raised on standard food supplemented with either 30 g/ml allyl disulfide (*p Ͻ 0.05) or 25 g/ml DL-sulforaphane (***p Ͻ 0.01) exhibited substantially decreased neuronal loss relative to untreated flies. F, Twenty-day-old Drosophila park 25 homozygotes raised on standard food supplemented with either 30 g/ml allyl disulfide (*p Ͻ 0.05) or 25 g/ml DL-sulforaphane (***p Ͻ 0.01) also exhibited decreased neuronal loss relative to untreated flies. Statistical analysis was performed using Student's t test.
